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Abstract
We show that, in the framework of a general model with mixing of three
Majorana neutrinos and a neutrino mass hierarchy, the results of the
Bugey and Krasnoyarsk reactor neutrino oscillation experiments imply
strong limitations for the effective Majorana mass | 〈m〉 | that character-
izes the amplitude of neutrinoless double beta decay. We obtain further
limitations on | 〈m〉 | from the data of the atmospheric neutrino experi-
ments. We discuss the possible implications of the results of the future
long baseline neutrino oscillation experiments for neutrinoless double-β
decay.
1 Introduction
The investigation of the fundamental properties of neutrinos (neutrino masses, neutrino
mixing, the nature of neutrinos (Dirac or Majorana?)), is the most important problem of
today’s neutrino physics. This investigation is one of the major directions of search for
physics beyond the Standard Model.
At present there are several experimental indications in favor of neutrino oscillations. The
first indication was found in solar neutrino experiments (Homestake, Kamiokande, GALLEX
and SAGE [1]). The second indication was found in the Kamiokande [2], IMB and Soudan
[3] atmospheric neutrino experiments. A third indication in favor of neutrino oscillations was
claimed recently by the LSND collaboration [4]. On the other hand, in many experiments
with neutrinos from reactors and accelerators no indication in favor of neutrino oscillations
was found (see the reviews in Refs.[5]).
The neutrino oscillation experiments do not allow to answer to the question: what type
of particles are massive neutrinos, Dirac or Majorana? (see Ref.[6]). The answer to this
question, that has a fundamental importance for the theory, could be obtained in experiments
on the search for processes in which the total lepton number L = Le+Lµ+Lτ is not conserved.
The classical process of this type is neutrinoless double-β decay ((ββ)0ν):
(A,Z)→ (A,Z + 2) + e− + e− , (1)
The observation of this process would be an unambiguous proof that neutrinos are massive
Majorana particles.
At present, the neutrinoless double-β decay of several nuclei is searched for in more than
40 experiments (see, for example, Ref.[7]). No positive indication in favor of this process was
found up to now. The most stringent limits on the half-lives for (ββ)0ν decay were found in
76Ge and 136Xe experiments. In the 76Ge experiments of the Heidelberg-Moscow and IGEX
collaborations [8] it was found that
T1/2(
76Ge) > 7.4× 1024 y (90% CL) Heidelberg-Moscow , (2)
T1/2(
76Ge) > 4.2× 1024 y (90% CL) IGEX . (3)
In the 136Xe experiment of the Caltech-Neuchatel-PSI collaboration [9] it was found that
T1/2(
136Xe) > 4.2× 1023 y (90% CL) . (4)
There are different mechanisms of violation of the lepton number that can be responsible
for (ββ)0ν decay (see, for example, Ref.[10]). We will consider here the contribution to the
amplitude of the (ββ)0ν process due to the usual mechanism of Majorana neutrino mixing.
This mechanism is based on the assumption that the left-handed flavor neutrino fields νℓL
that enter in the standard CC weak interaction Hamiltonian
HI = GF√
2
2
∑
ℓ=e,µ,τ
ℓL γ
α νℓL j
CC
α + h.c. (5)
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(here GF is the Fermi constant, j
CC
α is the standard CC hadronic current) are superpositions
of the left-handed components νiL of massive Majorana neutrino fields:
νℓL =
∑
i
Uℓi νiL (ℓ = e, µ, τ) . (6)
Here νi = ν
c
i ≡ CνTi is the field of a Majorana neutrino with mass mi (C is the charge
conjugation matrix) and U is the unitary mixing matrix.
In the framework of Majorana neutrino mixing, (ββ)0ν decay is a process of the second
order in the weak interaction, with a virtual neutrino. In the case of small neutrino masses
(. 1 MeV), the contribution to the matrix element of (ββ)0ν decay of the left-handed weak
interaction is proportional to the effective mass (see, for example, Ref.[11])
〈m〉 =
∑
i
U2eimi . (7)
The negative results of the experiments on the search for (ββ)0ν decay imply upper
bounds for the the parameter | 〈m〉 |. The numerical values of the upper bounds depend on
the model that is used for the calculations of the nuclear matrix elements. From the results
of the 76Ge and 136Xe experiments the following upper bounds were obtained:
| 〈m〉 | < (0.6− 1.6) eV (76Ge [8, 12]) , (8)
| 〈m〉 | < (2.3− 2.7) eV (136Xe [9]) . (9)
A large progress of the experiments on the search for neutrinoless double-β decay is expected
in the future. Several collaborations plan to reach a sensitivity of 0.1−0.3 eV for | 〈m〉 | [8, 13].
In the present paper we will obtain limits on the effective Majorana mass | 〈m〉 | from
the existing results of neutrino oscillation experiments under the assumption that neutrinos
with definite masses are Majorana particles. Implications of the results of solar and reactor
neutrino experiments for neutrinoless double-β decay were discussed in Refs.[14, 15]. Here
we will extend these considerations and we will enlarge considerably the range of possible
values of the heaviest neutrino mass. We will show that rather strong limitations on the
parameter | 〈m〉 | can be obtained from the results of the reactor neutrino experiments.
We will also take into account the atmospheric neutrino anomaly and we will discuss the
possible implications for (ββ)0ν decay of the results of the new data-taking long baseline
reactor neutrino experiments CHOOZ and Palo Verde [16].
2 Mixing of three neutrinos with a mass hierarchy
The results of the LEP experiments on the measurement of the invisible width of the Z
boson imply that only three flavor neutrinos exist in nature (see Ref.[17]). The number of
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massive Majorana neutrinos that corresponds to three neutrino flavors is equal to three in
the case of a left-handed Majorana mass term and can be more than three in the general
case of a Dirac and Majorana mass term (see, for example, Ref.[11]).
We will consider the case of three light Majorana neutrinos. As it is well known, a char-
acteristic feature of the mass spectra of leptons, up and down quarks is the hierarchy of the
masses of the particles of different generations. What about neutrinos? Different possibilities
for the mass spectrum of three neutrinos were considered recently in the literature [18, 19].
We will assume here that the neutrino masses m1, m2, m3, like the masses of quarks and
leptons, satisfy a hierarchy relation:
m1 ≪ m2 ≪ m3 . (10)
This scheme corresponds to the standard see-saw mechanism of neutrino mass generation,
which is based on the assumption that the total lepton number is violated at a very large
energy scale and is the only known mechanism that explains naturally the smallness of
the neutrino masses with respect to the lepton masses. We will not assume, however, any
specific see-saw relation between neutrino masses. We will use only the results of the neutrino
oscillation experiments in the general framework of a hierarchy of neutrino masses.
In all four solar neutrino experiments (Homestake, Kamiokande, GALLEX and SAGE
[1]) the detected event rates are significantly smaller than the event rates predicted by the
Standard Solar Model (SSM) [20]. Moreover, a phenomenological analysis of the data of
the different solar neutrino experiments, in which the predictions of the SSM are not used,
strongly suggest that the solar neutrino problem is real [21]. In order to take into account
the results of solar neutrino experiments in the framework of a hierarchy of neutrino masses,
we have to assume that ∆m221 ≡ m22 −m21 is relevant for the suppression of the flux of solar
νe’s.
If the disappearance of solar νe’s is due to neutrino mixing, the results of the solar
neutrino experiments and the predictions of the SSM can be reconciled with
∆m221 ∼ (0.3− 1.2)× 10−5 eV2 or ∆m221 ∼ 10−10 eV2 , (11)
in the case of MSW resonant transitions [22] and just-so vacuum oscillations [23], respectively.
Under the assumption of a neutrino mass hierarchy, for the effective Majorana mass
| 〈m〉 | that characterizes the amplitude of (ββ)0ν decay we have
| 〈m〉 | ≃ |Ue3|2m3 ≃ |Ue3|2
√
∆m2 , (12)
with ∆m2 ≡ m23 −m21.
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3 Reactor and solar neutrinos
In order to obtain information on the effective Majorana mass | 〈m〉 | from the results of
neutrino oscillation experiments, we will use the method developed in Ref.[15] (see also
Ref.[14]).
In the case of a small ∆m221 and a neutrino mass hierarchy, the modulus of the amplitude
Aνℓ→νℓ′ of the transitions νℓ → νℓ′ of terrestrial neutrinos is given by
∣∣Aνℓ→νℓ′ ∣∣ =
∣∣∣∣δℓ′ℓ + Uℓ′3 U∗ℓ3
(
e
−i∆m2L
2p − 1
)∣∣∣∣ . (13)
Here L is the distance between the neutrino source and the detector and p is the neutrino
momentum. In Eq.(13) we took into account the fact that for the distances and energies of
terrestrial neutrino oscillation experiments we have
∆m221L
2p
≪ 1 . (14)
For the νℓ (ν¯ℓ) survival probability, from Eq.(13) we have (see Ref.[15])
Pνℓ→νℓ = Pν¯ℓ→ν¯ℓ = 1−
1
2
Bℓ;ℓ
(
1− cos ∆m
2L
2p
)
, (15)
where the oscillation amplitudes Bℓ;ℓ are given by
Bℓ;ℓ = 4 |Uℓ3|2
(
1− |Uℓ3|2
)
, (16)
with |Ue3|2 + |Uµ3|2 + |Uτ3|2 = 1, because of the unitarity of the mixing matrix.
Several oscillation experiments with reactor νe’s have been performed in the latest years
(see the review in Ref.[5]). No indication in favor of neutrino oscillations were found in these
experiments. In our analysis we will use the data of the recent Krasnoyarsk and Bugey [24]
experiments, which give the most stringent limits for the neutrino oscillation parameters.
We will consider the square of the largest neutrino mass m23 ≃ ∆m2 as an unknown
parameter. Taking into account the limits for the neutrino mass obtained by the 3H β-
decay experiments (see Ref.[17]), we will consider the region ∆m2 ≤ 102 eV2. The negative
results of the reactor neutrino oscillation experiments allow to obtain an upper bound for
the effective Majorana mass | 〈m〉 | in the wide interval
10−2 eV2 ≤ ∆m2 ≤ 102 eV2 . (17)
At any fixed value of ∆m2 we have an upper limit for the amplitude Be;e of ν¯e → ν¯e transitions
Be;e ≤ B0e;e . (18)
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The quantity B0e;e can be obtained from the exclusion plots found from the data of reactor
experiments. From Eqs.(16) and (18) it follows that |Ue3|2 must satisfy one of the two
inequalities:
|Ue3|2 ≤ a0e , (19)
or
|Ue3|2 ≥ 1− a0e , (20)
where
a0e ≡
1
2
(
1−
√
1−B0e;e
)
. (21)
In Fig.1 we have plotted the values of the parameter a0e obtained from the 90% CL
exclusion plots of the Bugey and Krasnoyarsk experiments, for ∆m2 in the range (17).
Figure 1 shows that a0e is small in the considered range of ∆m
2. Thus, from the results of
the reactor oscillation experiments it follows that |Ue3|2 can only be small or large (close to
one).
The results of the solar neutrino experiments exclude this last possibility. In fact, the av-
eraged probability Pνe→νe(E) of solar νe’s to survive, in the case of a neutrino mass hierarchy
with ∆m221 relevant for the oscillations of solar neutrinos, is given by (see Ref.[25])
Pνe→νe(E) =
(
1− |Ue3|2
)2
P (1,2)νe→νe(E) + |Ue3|4 , (22)
where P
(1,2)
νe→νe(E) is the νe survival probability due to the mixing between the first and the
second generations and E is the neutrino energy. If |Ue3|2 satisfies the inequality (20), we
have Pνe→νe(E) ≥ (1−a0e)2 ≡ Pminνe→νe. In Fig.2 we have plotted the values of Pminνe→νe obtained
from the results of the Bugey and Krasnoyarsk experiments, for ∆m2 in the interval (17). It
can be seen that Pνe→νe(E) > 0.65 for all the considered values of ∆m
2 and Pνe→νe(E) > 0.91
for 3×10−2 eV2 ≤ ∆m2 ≤ 102 eV2. Furthermore, Eq.(22) implies that the maximal variation
of Pνe→νe(E) as a function of neutrino energy is given by (1− |Ue3|2)2. If |Ue3|2 satisfies the
inequality (20), we have (1 − |Ue3|2)2 ≤ (a0e)2, which is a very small quantity (from Fig.1
one can see that (1 − |Ue3|2)2 ≤ 4 × 10−2 for ∆m2 in the interval (17)). Thus, in this case
Pνe→νe as a function of neutrino energy is practically constant. The large lower bound for
the survival probability Pνe→νe and its practical independence from the neutrino energy are
not compatible with the data of the solar neutrino experiments (see Ref.[26]). Thus, from
the results of the solar and reactor neutrino experiments we come to the conclusion that
|Ue3|2 is small and satisfies the inequality (19).
The limit (19) for |Ue3|2 implies the following upper bound for the effective Majorana
mass | 〈m〉 |:
| 〈m〉 | ≤ a0e
√
∆m2 . (23)
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The upper bounds obtained with Eq.(23) from the 90% CL exclusion plots of the Bugey and
Krasnoyarsk reactor neutrino oscillation experiments are presented in Fig.3. With the thick
solid line we have drawn the unitarity upper bound | 〈m〉 | ≤
√
∆m2.
As it is seen from Fig.3, from the results of the reactor neutrino experiments it follows
that for ∆m2 . 10 eV2 the effective Majorana mass | 〈m〉 | cannot be larger than 10−1 eV.
Let us stress that the sensitivity to | 〈m〉 | ≃ 10−1 eV is the goal of future experiments on
the search for (ββ)0ν decay [8, 13].
In the region 10 eV2 . ∆m2 . 102 eV2 the upper bound for the parameter | 〈m〉 | grows
with ∆m2 and reaches the value of 4 × 10−1 eV at ∆m2 ≃ 102 eV2. The region of relatively
large values of ∆m2 (10 − 102 eV2) is very important for the dark matter problem. Two
experiments at CERN (CHORUS and NOMAD [27]) are searching for νµ → ντ oscillations
in this range of ∆m2.
In Fig.3 we have also presented the upper bound for | 〈m〉 | that corresponds to the
projected sensitivity of the reactor long baseline neutrino oscillation experiments CHOOZ
and Palo Verde [16]. These experiments will allow to obtain new limits for the effective
Majorana mass | 〈m〉 | in the region of small ∆m2. If their sensitivity limit will be reached
without detecting neutrino oscillations, in the region ∆m2 . 2 eV2 the upper bound for
| 〈m〉 | will be less than about 3× 10−2 eV.
4 Atmospheric neutrinos
Up to now we have taken into account only the results of solar and reactor neutrino experi-
ments and we considered the heaviest neutrino massm3 ≃
√
∆m2 as an unknown parameter.
Let us take now into account also the results of the atmospheric neutrino experiments.
The Kamiokande collaboration found [2] that the detected ratio of muon and electron at-
mospheric neutrino events is significantly smaller than the expected one. For the double ratio
R = (µ/e)data/(µ/e)MC ((µ/e)MC is the Monte-Carlo calculated ratio of muon and electron
events under the assumption that neutrinos do not oscillate), the Kamiokande collaboration
found
Rsub−GeVKamiokande = 0.60
+0.06
−0.05 ± 0.05 , Rmulti−GeVKamiokande = 0.57+0.08−0.07 ± 0.07 . (24)
The atmospheric neutrino anomaly was observed also in the IMB and Soudan [3] experiments:
RIMB = 0.54± 0.05± 0.12 , RSoudan = 0.75± 0.16± 0.10 . (25)
On the other hand, the double ratio R measured in the Frejus and NUSEX [28] experiments
is compatible with one:
RFrejus = 0.99± 0.13± 0.08 , RNUSEX = 1.04± 0.25 . (26)
6
The results of the Kamiokande experiment can be explained [2] by two flavor neutrino
oscillations νµ ⇆ ντ or νµ ⇆ νe. with the following allowed ranges for the oscillation
parameters:
5× 10−3 . ∆m2 . 3× 10−2 eV2 0.7 . sin2 2ϑ . 1 (νµ ⇆ ντ ) , (27)
7× 10−3 . ∆m2 . 8× 10−2 eV2 0.6 . sin2 2ϑ . 1 (νµ ⇆ νe) . (28)
We have analyzed the Kamiokande atmospheric neutrino data [2] in the framework of the
model under consideration with mixing of three neutrinos and a neutrino mass hierarchy.
The oscillation probabilities of atmospheric neutrinos depend on three parameters: ∆m2,
|Ue3|2 and |Uµ3|2. The matter effect for the atmospheric neutrinos reaching the Kamiokande
detector from below has been taken into account. The presence of matter is important
because it modifies the phases of neutrino oscillations [29] and its effect is to enlarge the
allowed region towards low values of ∆m2. The best fit of the Kamiokande data is obtained
for
∆m2 = 2.3× 10−2 eV2 , |Ue3|2 = 0.26 , |Uµ3|2 = 0.49 , (29)
with χ2 = 6.7 for 9 degrees of freedom, corresponding to a CL of 67%. The range allowed
at 90% CL in the plane of the parameters ∆m2, | 〈m〉 | is shown in Fig.3 as the region
enclosed by the dash-dotted curve. The best fit of the Kamiokande data corresponds to
| 〈m〉 | = 3.9× 10−2 eV (the triangle in Fig.3). From Fig.3 it can be seen that the results of
Kamiokande experiment imply that
| 〈m〉 | . 10−1 eV . (30)
If we take into account also the limit obtained from the reactor neutrino oscillation
experiments, for upper bound of the effective Majorana mass we have
| 〈m〉 | . 7× 10−2 eV . (31)
It is interesting to investigate how the region in the plane of the parameters ∆m2, | 〈m〉 |
allowed by the Kamiokande data is modified by the inclusion in the fit of the data obtained
in the Frejus experiment. The best fit of Kamiokande and Frejus data is obtained for
∆m2 = 1.7× 10−2 eV2 , |Ue3|2 = 0.17 , |Uµ3|2 = 0.29 , (32)
with χ2 = 28 for 19 degrees of freedom corresponding to a CL of 8% (the best fit value of
| 〈m〉 | is 2.2× 10−2 eV, depicted as a square in Fig.3). The corresponding allowed region (at
90% CL) is shown in Fig.3 as the region enclosed by the dash-dot-dotted curve. The figure
shows that the region allowed by the combined Kamiokande and Frejus data is not very
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different from the region allowed by the Kamiokande data alone. If we take into account the
limit obtained from the results of the Bugey and Krasnoyarsk reactor experiments, we have
| 〈m〉 | . 4× 10−2 eV . (33)
The limits on the effective Majorana mass | 〈m〉 | obtained above could decrease substan-
tially after the fulfillment of the program of neutrino oscillation experiments of the next
generation, that will explore the region of neutrino mixing parameters allowed by the data
of the atmospheric neutrino experiments. We are referring to the Super-Kamiokande [30]
and long baseline accelerator (KEK–Super-Kamiokande [30], MINOS and ICARUS [31]) and
reactor (CHOOZ and Palo Verde [16]) experiments.
If, for example, νµ ⇆ ντ oscillations with ∆m
2 ∼ 10−2 eV2 will be found in the accelerator
long baseline experiments and the reactor long baseline experiments will reach their projected
sensitivity, the region of allowed values of the parameters | 〈m〉 |, ∆m2 will be very small (see
Fig.3), with the upper bound
| 〈m〉 | . 10−2 eV . (34)
For the (ββ)0ν decay experiments the sensitivity to | 〈m〉 | ≃ 10−2 eV is a challenging problem
[32].
On the other hand, if the atmospheric neutrino anomaly will be confirmed in the νµ ⇆ νe
channel by reactor long baseline neutrino oscillation experiments, it will mean that the value
of | 〈m〉 | lies within the interval 10−3− 10−1 eV. In this case, from a determination of |Ue3|2
and ∆m2 in reactor experiments, through Eq.(12) it will be possible to infer the value of
| 〈m〉 |.
5 Conclusions
We have shown that, in the framework of a general model with mixing of three Majorana
neutrinos and a neutrino mass hierarchy, from the results of the reactor, solar and atmo-
spheric neutrino experiments it is possible to obtain rather strict limits on the value of the
effective Majorana mass | 〈m〉 |, that characterizes the amplitude of neutrinoless double beta
decay.
We have shown that the results of the Bugey and Krasnoyarsk reactor neutrino oscillation
experiments imply that | 〈m〉 | . 10−1 eV if ∆m2 is less than about 10 eV2. If ∆m2 has a
value in the interval 10− 100 eV2, we have | 〈m〉 | . 4× 10−1 eV.
We have also shown that the Kamiokande atmospheric neutrino data imply that | 〈m〉 | .
7×10−2 eV. Future long baseline reactor and accelerator neutrino experiments could decrease
the upper bound for the effective Majorana mass | 〈m〉 | to the level of about 10−2 eV.
The constraints on the value of the effective Majorana mass | 〈m〉 | that follow from
neutrino oscillation experiments must be taken into account in the interpretation of the
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data of (ββ)0ν decay experiments. The observation in the future experiments of neutrinoless
double-β decay with a half-life that corresponds to a value of the effective mass | 〈m〉 | that
is significantly larger than 10−1 eV could imply that the mass m3 of the heaviest neutrino is
larger than 2 − 3 eV, or that the neutrino masses do not have a hierarchy pattern1 and are
not generated by the standard see-saw mechanism. Other possibilities are that a new non-
standard interaction is responsible for neutrinoless double-β decay (right-handed currents,
. . . , for a review see Ref.[10]), or that four or more massive Majorana neutrinos exist in
nature2.
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Figure Captions
Figure 1. The quantity a0e (see Eq.(21)) obtained from the 90% CL exclusion plots of the
Bugey and Krasnoyarsk [24] reactor neutrino oscillation experiments.
Figure 2. The 90% CL lower bound for the probability of solar νe’s to survive in the case
of a large value of the parameter |Ue3|2 (≥ 1− a0e).
Figure 3. The 90% CL upper bound for the effective Majorana mass | 〈m〉 | obtained from
the results of the Bugey (solid line) and Krasnoyarsk (dotted line) neutrino reactor
experiments. The regions enclosed by dash-dotted ( dash-dot-dotted) lines are allowed
by the data of the Kamiokande (Kamiokande and Frejus) atmospheric neutrino experi-
ments. The upper bound for | 〈m〉 | that corresponds to the projected sensitivity of the
long baseline CHOOZ (short-dashed line) and Palo Verde (long-dashed line) reactor
neutrino oscillation experiments are also shown.
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